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Abstract Windblown sand ﬂux and dune ﬁeld evolving toward the oasis have been a common
ecological and environmental threat confronted by many countries. Meanwhile, it is also a kind of
complex dynamical process involving multiple temporal and spatial scales which is still out of accurate
description through current ﬁeld observations. Available models and reliable quantitative simulations
are of signiﬁcant value to predict the spreading rate of desertiﬁcation and provide an optimal design
for sand prevention. This paper presents a “triple-jump” method to realize quantitative simulations to
the formation and evolution of an aeolian dune ﬁeld from an arbitrary initial conﬁguration. Simulated
results achieve a satisfactory agreement with observations qualitatively and quantitatively, which
also reveal the characteristics and dynamical behaviors of dunes and dune ﬁeld. Such a paradigm
is of a good level of generality, which provides an exploratory probe into the subject of multi-scale
physics. c© 2011 The Chinese Society of Theoretical and Applied Mechanics. [doi:10.1063/2.1104201]
Keywords dune ﬁeld, complex dynamical process, quantitative simulation, windblown sand envi-
ronment
I. INTRODUCTION
Windblown sand ﬂux and dune ﬁeld are general
phenomena occurring in arid and semi-arid areas, such
as Saharan Africa, Central Australia and Northwestern
China etc.. Invading and expanding of windblown sand
ﬂux and dune ﬁeld together provide suﬃcient sources for
sand-dust storms, which have become common environ-
mental problems to the world. Taking China for exam-
ple, the total area of desert is 865 100 km2, in which
desertiﬁcation and potential desertiﬁcation land take
27.64 % and 34.6 %, respectively.1 It has been reported
that,2 as wind erosion becoming intensiﬁed, the total
land area eroded by wind in China has beyond that by
water reaching 1 910 000 km2.
Studies on windblown sand ﬂux and dune ﬁeld could
be traced back to the late of the 19th century. Agro-
biologists and geologists such as Bagnold, Chepil and
Kawamura et al. have performed milestone contribu-
tions to these topics.3 Early researches focused on ﬂuid
dynamics combining ﬁeld observations and wind tun-
nel experiments to present empirical or semi-empirical
quantitative relations. In 1960s, the U.S. Department
of Agriculture puts forward the wind erosion equation
which was synthesized into the wind erosion prediction
system (WEPS) at the beginning of the 21st century.
Since the bedrock of WEPS stems from the empirical
formulas obtained by ﬁeld observations, its global vali-
dation is still under testing.4 Not alone but in pairs, the
core of regional and global sand-dust numerical forecast-
ing models developed at 1990s are primarily based on
the calculation of surface dust emission ﬂux, whose ac-
curacy to forecast the range and intensity of dust storm
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still requires an urgent amelioration.5 In the ﬁeld of ae-
olian dunes and dune ﬁeld, dozens of ﬁeld observations
and aerial photographic surveys (some of which have
lasted continually for 3 years),6 have been conducted by
geologists, which however are only able to reveal local
and current status of dune patterns and their migration
due to the limit of contemporary measuring technolo-
gies. Till now, it is still an intractable task to capture
the whole evolution process of large-scale aeolian land-
forms on the Earth (or other planets, like Mars), which
makes reliable quantitative simulations extremely nec-
essary.
Driven by the interests in features and evolution
history of aeolian landforms discovered on Mars, Venus
etc., theoretical models and numerical simulations con-
cerning windblown sand ﬂux and dune ﬁeld have been
developed since the 1980s. In the former ﬁeld, the evolu-
tion of windblown sand ﬂow is modeled by the uniform
successive saltation model with a Lagrangian descrip-
tion of single particle’s motion;7,8 In the latter, con-
tinuum models and various discrete approaches such as
coupled map lattice (CML) and cellular automata (CA)
have been implemented to account for the formation of
1–2 dunes from sand piles to characterize the pattern of
sand dunes, respectively.9–11 However, existing models
quantifying windblown sand ﬂux are still far from the
point at which reliable predictions of transport rates
are made.12 On the other hand, above-mentioned dune
ﬁeld models hardly work due to their dependence upon
the initial size of sand piles or their restrictions intro-
duced by inaccurate ﬂow ﬁeld calculation, which can-
not correspond with the real states in spatial and tem-
poral scales.13 It is worthy to point out that Chinese
scholars have contributed their distinctive eﬀorts, espe-
cially in the mechanism of windblown sand,14,15 sand-
dust storms,16 desertiﬁcation control17 and electriﬁca-
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tion of windblown sands18 etc.
In reality, from a mesoscopic view, the formation
and evolution of windblown sand ﬂux and dune ﬁeld are
typical two-phase ﬂow problems arising from the trans-
portation of numerous sand particles subjected in tur-
bulent wind ﬂow in a manner characterized by nonlin-
earity, stochastic and multi-variable coupling. Turbu-
lence and multiphase ﬂows are considered as two of the
most challenging topics in ﬂuid mechanics, and when
combined, they pose a formidable challenge.19 Accord-
ing to particle size and ﬂuid attribution, computational
approaches for the particle-ﬂuid ﬂow can be catego-
rized into 3 types: continuum approach, pseudo-particle
approach, and discrete particle approach (Lagrangian
point-particle approach).19 The former two types al-
low for a representation of particle phase and carrier
phase,20 which are respectively available for dense ﬂow
with particle Stokes number St < 1, and two-phase ﬂow
with the fractional volume occupied by the dispersed
phase φv < 0.001. The discrete particle approach is
applicable when St > 1, in which particles are deemed
as discrete phase while ﬂuid as continuum phase so that
the particle-ﬂuid and particle-particle interaction can be
taken into consideration. The discrete particle approach
is on sound theoretical footing only when particle of
size (d) is much smaller than the Kolmogorov scale (η).
However, in problems involving millions of particles, it
may be the only viable option even if d ≥ η.19 As for the
development of windblown sand ﬂux, specialty comes
from the continually varying boundary conditions due
to particle-bed impacts, which therefore makes exist-
ing numerical approaches dealing with problems with-
out boundary mass exchange diﬃcult to be applied di-
rectly.
Besides, diﬃculties also come from the temporal
and spatial hierarchy structures involved in the under-
lying physical processes. In spatial scale, sand parti-
cles are 10−4 m, but windblown sand ﬂux, sand dunes
and dune ﬁeld range in size from 100 m to 104 m; In
temporal scale, particle-bed impacts end in a sudden,
wind blown sand ﬂux reaching saturation within sev-
eral seconds, while the formation and evolution of dune
ﬁeld last tens of years. That is, both temporal and
spatial scales vary across 8 orders of magnitude. In ad-
dition, sand particles, windblown sand ﬂux, sand dunes
and dune ﬁeld demonstrate respective physics and rates,
which constitute a class of typical temporal-spatial and
multi-physics coupling problems similar as spallation in
solid.21
For tran-scale systems simulations based on contin-
uum theory have not achieved a success. Except for
the validation of continuity hypothesis, the main rea-
son for the diﬃculty to establish a constitutive model
is the varying manifestations of aeolian sand system
which respectively display solid-like, ﬂuid-like and gas-
like states along with height. Thus, it is a hard task
to establish a constitutive model unifying particle-bed
impacts, splash, creeping and saltating, as well as de-
position and avalanche etc. within the system. On the
other hand, to trace every particle in the system with
the discrete element method (DEM) is also an impossi-
ble mission. Even if the corresponding general solutions
of movement equations of all particles can we obtain, it
is formidable to bring the initial values of each parti-
cle into the corresponding equations just because of a
lot of time and paper consuming.22,23 Therefore, new
paradigms for tran-scale coupling problems are needed
to encounter the great challenges in multi-scale systems.
Recently, the author and her students have made
some exploratory attempts to model and simulate the
transcale evolution process of windblown sand ﬂux
and dune ﬁeld. They established a “triple-jump”
method13,22 similar to the triple jump item in track and
ﬁeld games, as illustrated in Fig. 1. Based on analysis
on single particle’s motion, it successfully realizes quan-
titative simulations to the formation and evolution of a
dune ﬁeld covering an area of hundreds of square kilo-
meters during several tens of years from an arbitrary
initial conﬁguration. In this paper, Sect. II summarizes
the fundamental framework and related simulation re-
sults of windblown sand ﬂux, aeolian sand ripples and
dune ﬁeld; Sect. III presents conclusions and outlook.
II. MODELING & SIMULATING
The main processes responsible for the formation
and evolution of aoelian dune ﬁeld include surface ero-
sion, transportation and deposition of windblown sands,
as well as avalanche of sand piles. Therefore, the key
mesoscopic physical process bridging the movement of
sand particles and the evolution of dune ﬁeld is the for-
mation and evolution of windblown sand ﬂux. In the
following context, we ﬁrstly describe the way of mod-
eling windblown sand ﬂow, then introduce simulation
results of aeolian sand ripple so as to demonstrate that
the mechanisms governing the formation of ripples and
dune ﬁeld are so diﬀerent that the former cannot grow
into the latter, and ﬁnally present the model and results
concerning dune ﬁeld.
A. Windblown sand ﬂux
The development of windblown sand ﬂux is pic-
tured as being comprised of four linked processes: (1)
aerodynamic entrainment, (2) saltation, (3) wind ﬁeld
modiﬁcation and (4) the particle-bed impacts. The
fourth process is the main reason making windblown
sand ﬂow a speciﬁc issue diﬀerent from ordinary gas-
particle ﬂow in channel or pollutant dispersion. In an-
other word, mass and momentum exchange taking place
near the bed surface boundary during windblown sand
ﬂow makes traditional discrete particle approaches hard
to be applied directly. Therefore, we adopt a statistic-
coupling model here to fulﬁll quantitative simulations
of the formation and evolution of windblown sand ﬂux.
It is based on the discrete particle approach and incor-
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Fig. 1. Schematic diagram of quantitatively simulating the evolving process of aeolian dune ﬁeld.
porates particle-bed impacts in terms of “splash func-
tion” representing the number of ejected sand particles
and velocities. In detail, wind ﬁeld is modeled by the
Navier-Stokes equations with incompressible and steady
assumptions and neglecting pressure ﬂuctuation. Mo-
tion of sand particle is described by Newton’s second
law considering the act of gravity, drag force, Magnus
force, Saﬀman force and electrostatic force etc.15 Initial
condition is not the lift-oﬀ velocity for a single particle
but the probability density function (PDF) of lift-oﬀ ve-
locities for a group of sand particles (at least 107 parti-
cles within 0.15 m× d× 0.2 m). Coupling between wind
ﬁeld and sand particles is calculated through consider-
ing the counteractive force of saltating particles to wind,
which is related to the particle concentration at diﬀerent
heights during the development of windblown sand ﬂux.
Therefore, PDF of lift-oﬀ velocities and “splash func-
tion” at diﬀerent times are necessary in the statistic-
coupling method.
The PDF of lift-oﬀ velocities can be obtained
by means of wind tunnel measurement and theoreti-
cal analysis. In wind tunnel experiments, high-speed
cinecamera, particle dynamic analysis (PDA) and par-
ticle image velocimetry (PIV) are common apparatus
employed to determine the velocities of sand parti-
cles. With the former one, velocities can be calculated
through the trajectories of sand particles captured by
camera; while the latter two return velocities directly.
In order to enhance the accuracy of matching, some
ameliorations to the particle tracing algorithm15 are
adopted in our measurement with PIV, such as taking a
rectangle interrogate window instead of a square one in
cross-correlation algorithm and take the gray gradient
as index to ensure the sampling position close enough to
where sand particles taking oﬀ. Then the PDF of lift-
oﬀ velocities can be obtained by statistically analyzing
a large number of samples.
Given the problems caused by scale similarity and
puzzles of the accuracy and uniqueness of inverse cal-
culation, it might despair of precisely identifying and
measuring the instantaneous velocities of ﬁne sand par-
ticles within a highly dense windblown sand ﬂow even
with PIV or PDA. In order to remedy the limitations of
experimental measurement, the author established a so-
called stochastic particle-bed impacts model24 to reﬂect
the grain-bed impact process in windblown sand ﬂow.
In this model, the rebound and ejected velocities can be
analytically deduced by considering the particle-particle
collsion as a two-body instantaneous contact. With the
aid of the probability theory of multi-random variables,
we present the PDF of lift-oﬀ velocities and angular
velocities.25 Results concluded that the horizontal com-
ponent of lift-oﬀ velocities follows a unimodal distribu-
tion, while the vertical component follows a negative
exponential distribution. Spin of saltating particles has
two attitudes: clockwise and counterclockwise, angular
velocities distributed in the range from –1 200 rev/s to
1 100 rev/s (taking counterclockwise as positive) with
a dominant region less than 500 rev/s. This study pro-
vides theoretical basis for the “abrasion” phenomenon.
As for “splash function”, we adopt the DEM based
on soft-sphere model to simulate the particle-bed col-
lision process. It proceeds as follows: (1) a mixed-size
sand bed with size distribution satisfying the natural
sand sampled in ﬁeld such as the Tengger Desert, is
generated by gravity sedimentation; (2) sand particles
incident onto the sand bed generated above with the
same diameter and velocity as measured, and record the
number and velocities of rounded and ejected particles;
(3) statistical analysis to give discrete-type and integral-
type splash functions including the information of the
number of ejected particles, rebound velocity and re-
bound angel etc. with respect to incident diameter and
velocity under the action of a wind-blown sand ﬂux.
Based on this method, we can also get the PDF of lift-
oﬀ velocities.
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Based on the statistical coupling method combining
previous results on windblown sand electriﬁcation,26 the
self-equilibrium process of windblown sand ﬂux can be
simulated so as to predict the sand emission rate, mass
ﬂux and concentration distribution. The ﬂowchart of
numerical simulation is showed in Fig. 2, wherein the
coupling eﬀect among wind ﬁeld, sand saltation (includ-
ing spin), electric ﬁeld and thermal diﬀusion are incor-
porated. The simulated results27 reach a quantitative
agreement with wind tunnel measurement, whose previ-
ous results failed to agree with those in Ref. 28, see also
in Fig. 3. Though signiﬁcant, a concerted combination
of careful measurements and simulations concerning the
eﬀect of sand charges on sand ﬂow have been rarely at-
tempted to date except our studies.29 Results demon-
strated that sand charges play an obvious eﬀect on the
development of windblown sand ﬂux and its strength.
Also, the inﬂuence of thermal diﬀusion is not negligible
especially after noon when sand storms most frequently
happen. Researches also indicated that the vertical pro-
ﬁle of windblown sand ﬂux displays not a monotonic de-
cline but a stratiﬁcation pattern: near the surface, the
mass ﬂux increases linearly with height, then tends to
saturation and reaches a maximum, and ﬁnally an expo-
nential decline.30 Such a stratiﬁcation proﬁle provides
a theoretical explanation why the most severe damaged
part of plant by windblown sands is not its root but
somewhere a certain height from the ground.
Fig. 2. Flowchart of numerical simulation of windblown
sand ﬂux.
B. Aeolian sand ripple
The main objects for the research of aeolian sand
ripple lie not only in revealing this natural phenomenon
and its related laws, but also in verifying the assump-
tion that ripples cannot grow into dunes. The for-
mation of aeolian sand ripples virtually includes three
main factors, that is, the windblown sand ﬂux above
Fig. 3. Comparisons of simulated transport rate of grains
with experimental data27.
the sand bed formed by sand particles of various di-
ameters, the particle-bed impacts and the rebound and
ejection of sand particles after impacts, as well as the
saltation of high-speed sands and the creep of low-
speed sands, respectively. However, previous models
always neglect the number of incident particles and par-
ticles’ creeping,31–34 which make the simulated ripple
tending to symmetry and the wavelength less.35 Based
on quantitative modeling of windblown sand ﬂux, the
author established a discrete particle tracing method
(DPTM)36 which can be proceeded as follows: (1) cal-
culating the distribution of mass ﬂux (concentration,
velocity) along height under an incoming wind velocity
with the statistic-coupling model; (2) determining the
number of incident sand particles and corresponding
number and velocity of rebound and ejected particles
after particle-bed collision by DEM; (3) describing the
saltation of sand particles by trajectory equations and
calculating the terminal creeping position by consider-
ing the work done by friction and gravity. Obviously,
the DPTM traces the motion of every sand particle
(saltation and creeping), which reﬂects the integrated
behaviors of wind-blown sand ﬂux containing the gran-
ular characteristic of sand motions and the interaction
between wind ﬁeld and saltating sand particles.
With the DPTM, we can replay the formation pro-
cess of aeolian sand ripples, that is, the initial ﬂat sand
bed starts deforming with tiny structures (Fig. 4(a)),
and then tiny structures start merging so that the pat-
tern exhibits coarsening (Fig. 4(b)), and ﬁnally the pat-
tern tends to saturation (see Fig. 4(c)). If ﬂatten some
parts of the saturated ripple ﬁeld (see Fig. 4(a′)), new
ripples reappear in the ﬂattened area (see Fig. 4(b′)).
After that, the new-formed ones gradually connect
with their neighbors and recover as it was before (see
Fig. 4(c′)). Simulations also demonstrate that ripples
are 7.5–15 cm in length and 0.5–1.0 cm in height, which
demonstrate asymmetrical proﬁles with convex stoss
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slopes and concave lee slopes. Simulated ripples display
a stratiﬁcation sedimentary structure i.e., coarse parti-
cles are accumulated on the crest, and ﬁne particles are
in the trough of the ripple. All these results achieve
good agreement with wind tunnel experiments.37,38 Be-
sides, simulation results also ﬁnd that, during its for-
mation and evolution, sand ripple always moves for-
ward along wind direction associated with growth of
ripple scale; after saturation, sand ripples maintain their
shapes and scales. The scale and migration velocity of
saturated ripples are proportional to wind velocity and
sand diameter. It is interesting that there exist two
threshold wind velocities for the appearance and dis-
appearance of ripples. For example, for a mixed sand
bed composed by sand particles of 0.2 mm, 0.3 mm and
0.4 mm with a ratio of 2:5:3, wind strength is too weak
to form ripples when the friction wind velocity is less
than 0.3 m · s−1. However, when the wind velocity is
larger than 0.7 m · s−1, the deposition of sand becomes
so diﬃcult that ripples are unstable.
Fig. 4. The formation and self-reparation of aeolian
sand ripples (simulation area: 1.2 m× 1.2 m, wind veloc-
ity: 0.5 m/s, number of sand particles: 2.5×107, diameter:
0.3 mm)
C. Sand dune ﬁelds
Simulations on sand ripples show that the develop-
ment of ripples leads to a saturation state implying that
ripples cannot grow further into a dune ﬁeld. Such being
the case, it is necessary to seek for another appropriate
model for dealing with the spatial-temporal scales in-
volving in evolution of sand dunes and dune ﬁeld. As
mentioned before, windblown sand ﬂux is a “macro-
level” process in contrast with the “microscopic” mo-
tion of single sand particle. However, it is still a “meso-
level” process when referring to the evolution of dune
ﬁeld which can be considered as a more “macroscopic”
process. As a result, we introduce a mesoscopic concept
called “sand body element” as a “representative vol-
ume element”21 to bridge the micro and macro scales
in the simulation of dune ﬁeld. In the “triple-jump”
method, the whole research area is divided into millions
of “sand body elements” no matter whether it is ﬂat
or steep, vegetation-covered or not, then the conﬁgu-
ration of dune ﬁeld varies with the movement of “sand
body elements” which is adjusted by sand avalanche.
In another word, after the “ﬁrst jump” as showed in
Fig. 1, i.e. realizing the bridge from a single particle’s
movement to windblown sand ﬂux, the second and third
“jump” are respectively to determine the size and trans-
portation length of “sand slab elements” within a given
period of time which depends on the evolution time of
dune ﬁeld, wind strength and wind direction.
The size of “sand body elements” should be deter-
mined by local surface conditions. For the sake of com-
putational stability, (0.75 m× 0.75 m)–(3 m× 3 m) is
suggested. It is worth to mention the way of deter-
mining the thickness of “sand body elements”. Con-
sidering that the erosion degree at diﬀerent positions
varies with time, we can express the thickness of “sand
body element” in terms of the eroded mass ﬂux within
a certain time period. In detail, it can be speciﬁed as
follow: ﬁrstly, calculate the wind ﬁeld so as to deter-
mine the windblown sand ﬂux above the “sand body
element”; then analyze the rebound and deposition of
the mass ﬂux entering into the “sand body element”
through one-time saltating. Considering that the de-
positions of windblown sand ﬂux make partial regions
covered by the deposited sand particles on the “sand
body element” not to be eroded, we introduce a new
statistical physical quantity “covering factor” represent-
ing the deﬁnition as the ratio between the area taken
by terminal deposition mass and the total mass of one-
time saltating for a given period of time. The average
thickness of “sand body element” in the “triple-jump”
method is determined by the eroded mass ﬂux that has
not been covered in this “sand body element”, which is
totally diﬀerent from the CA by setting the thickness of
“sand slab” as a constant,10 or the CML by treating the
height of “lattice” as a function of surface gradient.11
Based on the analysis of deposition ﬂux of the ero-
sion process, the transportation length of “sand body
elements” within a given period of time can be speci-
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ﬁed by the intensity of windblown sand ﬂux and erosion
in terms of “erosion probability” and “ejection proba-
bility”. These two probabilities are ﬁrst deﬁned here
respectively as the ratio of the mass ﬂux eroded from
the uncovered region to surface ﬂux of the “sand body
element” and to the deposition mass ﬂux after one-
time saltating, which are totally diﬀerent from the re-
bound probability of sand particles. The transportation
of windblown sand ﬂux is then deemed equivalently as
the downwind movement of eroded mass within every
“sand body element” in terms of continually saltating,
so that the deposition distribution of mass ﬂux trans-
ported within a certain time can be expressed by the
“transportation factor” which also is a new statistical
quantity ﬁrstly deﬁned here. The transportation length
of “sand body element” can be determined by calculat-
ing the mass center of the deposition ﬂux, which also is
diﬀerent from the CA or the CML.
Facilitated by the parallel computing technique, the
movement of every “sand body element”, shadow eﬀect
and avalanche behaviors happened at the leeward slope
of sand dunes are considered as one by one in each sim-
ulation cycle. Repeating the cycle gives out the evolu-
tion process of a dune ﬁeld covering an area of hundreds
square kilometers or larger during several tens of years
or longer from an arbitrary initial conﬁguration.
Simulation results on the variation of average dune
height with thickness of sand supply and the migration
speed with dune height are shown in Fig. 5 which agree
with the observations well. Simulated dune patterns un-
der diﬀerent prevailing wind direction also correspond
well with observations, see in Fig. 6. In addition, our re-
sults reveal that, under single wind direction condition,
dune ﬁeld is dominated by transverse dunes when sand
supply is suﬃcient, while by barchans dunes when in-
suﬃcient, the threshold thickness of sand supply deter-
mining dune patterns is around 1.1–1.3 m. During the
evolution of a dune ﬁeld, dunes within it interact with
each other through coalescence, breeding and “solitary-
wave” like behaviors. Analysis demonstrates that the
probability of “solitary-wave” like behavior is less than
2 %, which ﬁgures out why it is not as often observed as
coalescence and breeding behaviors. Set belts of straw-
berry board with various widths at diﬀerent positions
of the desert-semidesert-oasis region in simulation area,
results demonstrate that39: (1) the existence of straw-
berry board reduces the downwind spreading of deser-
tiﬁcation; (2) the closer strawberry board is set to the
oasis, the spreading rate of desertiﬁcation toward the
oasis gets more reduction; (3) without regarding to the
degradation of strawberry board, the reduction eﬀect is
more obvious for a longer setting; (4) for given condi-
tions, there exists an optimal width and location for the
setting of strawberry board which is not inﬂuenced by
wind ﬁeld.
Our simulations verify that aeolian dunes on Mar-
tian surface are generally 10 higher than those on Earth,
the ratio of the length of windward slope and total
length on Mars is larger than that on Earth, but the
Fig. 5. The variation of average dune height with thick-
ness of sand supply40 and migration speed with dune height
(simulation area: 6 km× 6 km).
ratio of leeward slope and total length on Mars is less.
It is also shown that sand storms are the main reason
for dunes’ migration on Mars, but with a speed about
0.1 m/s. Therefore, Martian dunes have moved less
than 10 m (less than the pixel resolution of satellite
photography) during the 35 years’ history of observa-
tion from 1975 to 2009 which are seemed to be at rest.
III. CONCLUSION & OUTLOOK
The formation and evolution of windblown sand
ﬂux and aeolian dune ﬁeld are typical complex dynam-
ical processes involving the motion and accumulation
of numerous sand particles driven by atmospheric tur-
bulence. It is not a promising way to reveal the char-
acteristics and rules solely through ﬁeld observations,
solving continuum-based equations, or by tracing the
motion of every single particle. This paper presents
a “triple-jump” method making it possible to recon-
struct the whole formation and evolution processes of
large-scale dune ﬁeld and quantitatively simulating the
migration of sand dunes within the ﬁeld. It is proved
successful in revealing the whole evolution process of
aeolian dune ﬁeld, dune patterns, and the law of dune’s
migration with respect to wind velocity, wind direction,
thickness of sand supply and sand diameter which pro-
vide a comprehensive and quantitative understanding to
aeolian dune ﬁeld. More importantly, it also can predict
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Fig. 6. Dune patterns in the dune ﬁeld under diﬀerent pre-
vailing wind conditions. (a)–(d) are simulated results (aver-
age friction wind speed: 0.5 m · s, thickness of sand supply:
0.8 m, sand diameter: 0.3 mm); (a′)–(d′) are aerial photos
of dune patterns captured in Morocco, Sahara Desert.40,41
the expanding trend of dune ﬁeld under contemporary
natural conditions and the impact of human activities
such as land reclamation or positive prevention methods
like paving straw checkboard barrier. All above infor-
mation is beyond what previous theories or measuring
methods like ﬁeld observations, aerial photography, and
remote sensing image analysis etc. could provide.
Within the scheme of “triple-jump” method, we
ameliorated the way of obtaining the “splash function”
and the PDF of lift-oﬀ velocities, deﬁned “erosion prob-
ability” and “ejected probability” which are diﬀerent
from the “rebound probability” of sand particles, and
put forward two new statistical quantities, “coverage
factor” and “transportation factor”. All these treat-
ments are based on statistical analysis of the fundamen-
tal and key physical processes of windblown sand ﬂux
including particle-bed impacts, surface erosion, trans-
portation and deposition of windblown sands. In gen-
eral, when modeling a tran-scale dynamical process, or
saying, a problem with various coupling physics and
multiple spatial-temporal scales, it is necessary to ana-
lyze and extract the key statistical laws of microscopic
processes as a “bridge” connecting with the macroscopic
processes
Multi-scale coupling and tran-scale problem has
been widely confronted in biology, physics and engi-
neering. Multi-scale simulation is an interdisciplinary
technique incorporating separate development in above
ﬁelds. Scientiﬁc issues involved in mechanics of wind-
blown sand movement, such as nonsteady ﬂow and
transportation in poly-phase and multi-component me-
dia accompanied with complex boundary conditions,
multi-scale process, multi-physics ﬁeld coupling eﬀect,
randomness and nonlinearity etc., are also paramount
concerns shared by hydrodynamics, contaminant dis-
persion and other fundamental subjects. The “triple-
jump” method established by the authors is a prelimi-
nary attempt for multi-scale simulation with particular
emphasis on windblown sand movements. More new
theories and analytical method are required to conquer
the multi-scale coupling problems in the ﬁeld of wind-
blown sand environment, for example, the spatial struc-
ture of sand/dust storm, atmospheric turbulence of var-
ious scale level during sand/dust storms, relation be-
tween local sand/dust storm and intercontinental trans-
mission of dust etc.
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